Characterization of a series of mouse monoclonal antibodies (designated c~Py C21 to 26) against the region common to the large, middle and small T antigens of polyoma virus has revealed immunological diversities among the N termini of these antigens. Four of the antibodies (c~Py C21 to 24) appeared to recognize all the T antigens present in lytically infected cells, but two of them (~Py C25, 26) failed to immunoprecipitate small T antigen either from 3~S-or 3-'P-labelled cells and recognized only a subset of middle and large T antigens. None of the antibodies recognized the protein kinase activity normally associated with middle T antigen or the 60K mol. wt. antigen-related protein observed in polyoma virus lytically infected or transformed cells. The possible immunodominance of the N termini of the early gene products (as well as VP1) in the natural host of polyoma virus and the observed antigenic heterogeneity are considered.
INTRODUCTION
Previous studies with rat monoclonal antibodies to the polyoma virus early regions (small, middle and large T antigens: ST, MT and LT, respectively) have shown that distinct antigenic species exist in vivo, at least in the case of MT antigen (Dilworth, 1982) . The experiments described in this report were carried out to investigate the immunogenicity of the viral antigens in their natural host, the mouse, and to produce mouse monoclonal antibodies to use as specific probes in further studies of the viral early proteins, particularly since such a wide diversity of functions and cellular locations have been associated with these viral gene products (TiMer, 1980; Dilworth et al., 1986) . As a corollary to this work, it could be anticipated that the number of available monoclonal antibodies for assessing the biological roles of polyoma T antigens would be increased and that the reagents would have better properties than the existing rat monoclonal antibodies, particularly with regard to binding to Protein A (Ey et al., 1978) .
Two different methods were used for isolating monoclonal antibodies from mice to polyoma viral functions. One involved immunizing mice with SDS PAGE-purified viral proteins, and the other immunization with a mixed antigen complex obtained by immunoprecipitation with the rat monoclonal antibody ~Py C4 (Dilworth & Griffin, 1982) . Analysis of the specificity of the antibodies obtained from these experiments showed them to be directed mainly against either the N-terminal 'common' region of the three T antigens of polyoma virus or the major viral capsid protein, VP1. Six common region antibodies, two antibodies to the major capsid antigen VP1 and a mouse anti-rat antibody were cloned. Here we present data on the characterization of the common region antibodies and their use in elaborating diversities among the N termini of the three viral T antigens.
C4 antibody obtained from a SAC immunoprecipitation by elution of the pellet with 8 M-urea (pH 7.4) at 18 "C for 15 rain. The supernatant, following removal of the bacteria by centrifugation at 4 °C for 10 rain at 10000 r.p.m, in an SS34 rotor, was exhaustively dialysed against PBS 'A' prior to injection. Seven mice were injected with material isolated from 96 bioassay dishes of virus-infected 3T6 cells. Three weeks following inoculation, mice were bled from the tail to assess the degree of immunization. If not immunized, a mouse was re-injected, left and further bled, until such time as immunization could be detected. Once immunized, it was intravenously boosted 3 days prior to sacrifice, then the spleen was removed under sterile conditions to a plastic tissue culture dish containing RPMI 1640. Splenocytes were prepared and fused with cells from the mouse plasmacytoma line P3-NS/I-Ag4-1 under standard conditions (Kennett, 1979) as described for polyoma virus by Dilworth & Griffin (1982) . Hybrid cells were washed once in serum-containing medium, then divided into five 96-well plates (Linbro) on top of a layer of mouse non-immune spleen feeder layer cells (which were plated out the previous day in enriched medium). Cells were maintained in a selection medium from day 1 after the fusion, and medium was changed every 3 days. Colonies expressing antibody were identified by immunoprecipitation analysis, then cloned. Individual clones were established by the method of limiting cell dilution, growing cells on a layer of non-immune mouse spleen feeder cells at a concentration of approximately one cell per well, in a 96-well culture plate. Cells were cloned in selection medium (omitting methotrexate) and wells containing growing colonies of cells were tested for antibody production 10 days after cloning. This process was repeated a total of three times, after which a positive clone was designated 'monoclonal' and cells derived from it were grown to exhaustion in RPMI, supplemented with 10% FCS and 2~ glutamine. The tissue culture fluid prepared from these cells was used as a source of monoclonal antibodies in subsequent experiments.
Antibody typing. A competitive binding plate assay was used to determine the subclass of the monoclonal antibodies, as described (Benchimol et al., 1982) using specific rabbit anti-mouse IgG 1, 2a and 2b (Miles). Purified mouse monoclonal antibodies PAb 407 (IgG 1), 419 (IgG2a) and 414 (IgG2b) (Harlow et al., 1981) , a generous gift of Dr K. Leppard, were iodinated with chloramine-T (Syvanen et al., 1973) and used as probes in the assay.
"Cascade' immunoprecipitation. This was carried out as previously described (Harlow et al., 1981 ; Dilworth, 1982) .
Protein kinase assays. These were conducted in the presence of [c~-32P]ATP (Amersham) as described by Hunter & Sefton (1980) .
Immunocompetition assays.
Radiolabelled monoclonal antibodies were prepared by transferring 2 x 106 to 5 x 106 hybridomas, in the mid-log phase of growth, to a mixture of DMEM lacking methionine (4.5 ml) and normal DMEM (0.5 ml), supplemented with 5~ FCS and 1 mCi [35S]methionine. Cells were maintained in culture at 37 °C for 18 h, at which time the tissue culture fluid (TCF) was isolated by centrifugation and used as a source of radiolabelled antibody. Unlabelled antibodies were produced by a similar procedure using normal DMEM and were designated (1 x ) if the TCFs (5 ~tl) were used directly in subsequent experiments or (20 x ) if media (100 ~tl) were freeze-dried and reconstituted for the experiments; no differences in growth rates were observed among the various hybridomas. To assay for competition, two types of experiments were performed. In one, radiolabelled TCF from the rat c@y C4 hybridoma line was mixed either with unlabelled TCF from the same line or with individual TCFs from the c~Py C series of hybridomas. The mixture was incubated for l h with lysates from wt polyoma virus-infected 3T6 cells, and the pre-formed complexes were immunoprecipitated by addition of SAC, collected (as described above), washed once, resuspended and counted. The data were expressed as a percentage of the input counts. The volume of [3sS]methionine TCF used in the experiments was determined by titration, such that (1 × ) TCF from c@y C4 (5 vtl) produced a 50~ reduction in counts in the immunoprecipitate with 35S-labelled ~Py C4 antibody. All experiments were carried out in triplicate and the data averaged.
In a second experiment, using (l × ) TCF only, the order of addition of reagents was altered such that the T antigens in the cell lysates were pre-bound either with unlabelled antibody for 1 h, then labelled antibody was added, or in the reverse order.
RESULTS

Preparation of antibodies
For the preparation of monoclonal antibodies to polyoma virus early antigens, LT and MT antigens, and VP1 were purified by SDS PAGE, identified by potassium acetate staining, excised and then injected intraperitoneally into mice (see Methods). Four mice were used for the VP1 experiment, and three each for the LT and MT experiments. After 3 weeks, serum taken from animals challenged with VP1 showed a very strong reaction to this antigen. No apparent response was observed in the case of any of the T antigen immunizations (Fig. 1 a) . In an effort to increase immunogenicity, two mice originally treated with LT and two with MT were reinjected with these antigens. Although an antibody specific for VP1, designated aPy VP1-A, (a) with sera taken from mice immunized with materials isolated as shown in (b). Polypeptides derived from immune complexes of polyoma virus antigens and ctPy C4 were used to immunize seven mice and their sera (20 gl) were used to immunoprecipitate T antigens from lytically infected 3T6 cells. The resultant polypeptides were analysed by SDS-PAGE, as shown. Five of the seven animals had high titre antisera to VP1 and some activity to other polypeptides was apparent. Immune rat serum (T) was used to localize the positions of viral antigens.
tao was cloned from one of the VPl-injected animals following a second boost with this protein (3 days before removal of the spleen from the animal) attempts to clone antibodies specific for any of the T antigens were not successful by this method. In a second type of experiment, polypeptides for immunization were prepared from lytically infected 3T6 mouse cells using a rat monoclonal antibody, ctPy C4 (Dilworth, 1982) that previously had been shown to recognize a determinant(s) in the region common to the three known viral T antigens. Native material was eluted from the immune complex and injected as above into seven mice. Serum obtained from 'immunized' animals revealed that in spite of the fact that this purification procedure gave rise to amounts of T antigens that exceeded the yield of the viral capsid protein VP1 (Fig. 1 b) the predominant immune response was against VP1 (Fig. 1 c) . Two of the animals, one with dominant activity to VP1 and the other with an apparent response to LT (see lanes 5 and 6, Fig.  1 c) were re-immunized before proceeding to further antibody studies. From these experiments, using standard procedures (Kennett, 1979) , a total of eight monoclonal antibodies was subsequently derived, six with reactivities against the 'common' region of the viral T antigens (designated ctPy C21 to 26), one against VP1 (designated ctPy VP1-B) and another specific for the rat Ig heavy chain which was present in the protocol adopted (see Fig. lb ). The Ig subclasses of the antibodies were determined; the sPy C22 to 26, anti-VP1 and mouse anti-rat antibodies, were all found to belong to the IgG 1 subclass, the Fc portion of which has a reported relatively low affinity for Protein A (Ey et al., 1978; see below) . Antibody ~Py C21 belonged to subclass IgG2a, a high affinity antibody class. The antibodies of subclass IgG1 proved to be very efficient in immunoprecipitation experiments; that is, they bound well to SAC when complexed with antigen, and the addition of a second (rabbit anti-mouse) antibody gave no positive advantage (data not shown).
The ctPy C21 to 26 series of antibodies were further investigated with regard to their determinants, their binding activities in immunoprecipitation experiments and recognition of the T antigens and their potential use in protein kinase assays in vitro. The findings are summarized below.
Immunocompetition assays 'Competition' experiments were carried out to assess the ability of each antibody to compete with the rat monoclonal antibody, ctPy C4 (Dilworth, & Griffin, 1982) , in immunoprecipitation experiments in order to determine the relationship among the common region antibodies. Radioactively labelled ctPy C4 and increasing concentrations either of the same antibody unlabelled, or the unlabelled mouse sPy C series of antibodies, were used in immunoprecipitation experiments on lysates of virus-infected mouse cells (see Methods). The results of these experiments, shown schematically in Fig. 2 , with precise figures given in Table 1 , suggest that the mouse antibodies sPy C22 to 24 were about as effective as sPy C4 itself at competing with the labelled antibodies for sites on the T antigens and support the notion that ctPy C22 to 24 share similar (or identical) determinants with ctPy C4. In these experiments the ePy C21, 25 and 26 antibodies failed to provide effective competition and presumably recognize different determinants.
'Cascade" immunoprecipitation A 'cascade' type of immunoprecipitation experiment was used to find a limit concentration of T antigen that could be precipitated by the common region antibodies. As illustrated (Fig. 3) , whereas ctPy C21 and 23 appeared to recognize all the LT, 55K MT and ST present in wt polyoma virus lytically infected cells, ctPy C26 recognized only about half the LT present, only a small fraction of MT and little, if any, ST. None of the antibodies recognized a 60K species (indicated), shown previously by fingerprint analysis to share some tryptic digestion products with MT (Dilworth & Griffin, 1983) but not yet identified. Similar immunoprecipitation experiments carried out with the other common region antibodies (not shown) indicated that from this type of experiment aPy C22 and 24 could be grouped with aPy C21 and 23, and ctPy C25 with 26.
Three essential controls were performed. One involved immunoprecipitation with increasing & Griffin (1982) . The experiment was carried out essentially as described previously (Harlow et al., 1981; Dilworth, 1982) . See Methods. ~" Input counts 35S-labelled c~Py C4 were 8200 c.p.m./reaction; a, addition of labelled ePy C4 at the same time as addition of unlabelled Ab; b, prior to addition; c, subsequent to addition. amounts of antibody in order to determine an antibody endpoint for use in immunoprecipitation experiments. This amount of antibody was used in all subsequent experiments. In the second, since the cascade experiments involved lysates being maintained for 48 h at 0 °C in the presence of antibodies, stability of the epitopes was examined; they were found to be stable under these conditions. Finally, control experiments were also carried out to determine whether the apparent immunospecificity observed with c~Py C26 (and c~Py C25, not shown) could be a consequence of poor antibody affinity, either for antigen or Protein A. Experiments similar to those shown in Fig. 3 were repeated several times under various conditions in the presence of a second, rabbit anti-mouse IgG antiserum (Montano & Lane, 1984 significantly alter the yield of T antigens obtained with either coPy C25 or 26 or the other common region antibodies. The data therefore suggest that immunologically distinct species may exist for all three antigens, not just for MT, as previously observed (Dilworth, 1982; Dilworth & Griffin, 1982) .
Assessment of immunological heterogeneity
Further experiments to assess the nature of the observed immunological heterogeneity were carried out. In previous experiments using low percentage polyacrylamide gels LT was found to exist as a doublet (Tfirler, 1980) . In immunoprecipitation experiments, all the mouse ~Py C series of antibodies were found to recognize both species of LT, but poor immunoprecipitation with ePy C25 or 26 was observed (Fig. 4a) , consistent with previous findings (Fig. 3) . Data derived from similar experiments with extracts from 32p-labelled infected cells show that phosphorylated LT was recognized by all six common region antibodies (Fig. 4b) . Interestingly, whereas a phosphorylated virus-specific low mol. wt. species that comigrated with small T antigen (Segawa & Ito, 1982) was immunoprecipitated by copy C21 to 24, it was absent in coPy C25 and 26 immunoprecipitations (Fig. 4b) . It was also absent (data not shown) in immunoprecipitated cells infected with a mutant virus that produces LT only (C. Streuli, personal communication) further supporting the identity of this species as ST rather than, for example, a degradation product of LT. Protein kinase activity E x p e r i m e n t s aimed at studying the ability of the mouse ctPy C series of antibodies to i m m u n o p r e c i p i t a t e a kinase activity in the standard protein kinase assay in vitro (Collet & Erickson, 1978) were carried out using ceils infected with either wt or the highly transforming dl-8 mutant virus (Griffin & Maddock, 1978) . The latter produces a function that is particularly efficient in this assay (Smith et al., 1979) . Polyoma virus-induced mouse tumours were also investigated. In no case was any protein kinase activity observed with any of the c o m m o n region antibodies. Control experiments using dl-8-infected cells and the M T antigen monoclonal antibodies M T 7 and M T 1 6 (Dilworth, 1982) were positive (data not given).
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Cross-reactivity
Since it was possible that some of the immunological diversity observed with the antibodies might be due to the character of the determinant against which the antibodies were raised (such as, for example, partially denatured material rather than that found in cell lysates), 35S_labeUe d antigens were subjected to SDS-PAGE to denature and separate them; they were then eluted. Only in the cases of LT and MT, however, were sufficient counts obtained to carry out further experiments. Immunoprecipitation of equal amounts of these antigens was performed using four different concentrations (ranging from undiluted tissue culture fluid to a 1000-fold dilution) of each of the six common region antibodies and (as control) anti-tumour (T) antiserum. The findings from these experiments were that ctPy C21 could recognize both denatured LT and MT (although with only about half the efficiency of the polyclonal T serum), ctPy C22 to 24 recognized an even smaller fraction of MT and negligible LT, and ctPy C25 and 26 failed to recognize significant amounts of either denatured antigen, at any concentration of antibody. In an attempt to confirm the overall preference of this series of antibodies for 'native' rather than denatured antigens, Western immunoblot analyses were carried out. None of the common region antibodies recognized detectable quantities of T antigens by this procedure (data not shown).
Finally, the ability of these antibodies to cross-react with simian virus 40 (SV40) antigens or to immunoprecipitate proteins from uninfected mouse cells was assessed. In an experiment in which two monoclonal antibodies to SV40 LT (PAb 416 and 419; Harlow et al., 1981) could be shown to immunoprecipitate both 35S-labelled LT and the host protein p53, little if any of these proteins were immunoprecipitated by the mouse 0tPy C series of monoclonal antibodies; neither was any specific polypeptide precipitated from labelled lysates derived from mouse 3T6 cells with any of the antibodies.
DISCUSSION
The polyoma virus T antigens are involved in the lytic growth of the virus in mouse cells and responsible for the observed tumourigenic character of the virus. Analysis of viral functions by classical genetic techniques is complicated by the fact that considerable gene overlap occurs and many mutations affect at least two, and sometimes all three, T antigens. To study the function of the individual proteins, a variety of highly specific immunological reagents have been prepared in this and other laboratories by standard techniques (Dilworth & Griffin, 1982; Bolen & Israel, 1985; Marriott & Consigli, 1985; Pallas et al., 1986) . In the present study we undertook both to assess antibody response to viral antigens in the normal host of polyoma virus, the mouse, as well as produce useful antibodies for further functional studies on the viral T antigens. The former explains why no exogenous adjuvants (other than acrylamide) were used to increase the reaction to the immunogens. The only antibodies isolated, using standard hybridoma technology and this constraint, recognized either N-terminal 'common region' sequences, the C terminus of VP1, or rat IgG. One interpretation of these results is that in the mouse the region common to the three T antigens and the extreme C portion of VP1 (where these antibodies map; M. Ginsburg, unpublished data) are relatively more immunogenic than other regions in these viral functions. Similar experiments in rats produced a noticeably different antibody pattern (Dilworth & Griffin, 1982) .
Six mouse monoclonal antibodies (designated ~Py C21 to 26) reactive against the common region of the three early antigens were cloned and characterized. Epitope localization data permitted these to be separated into two apparently distinct groups. One group (exemplified by ctPy C21 to 24) appeared to be similar, but not necessarily identical, to a previously described rat monoclonal antibody, sPy C4 (Dilworth & Griffin, 1982) , whose determinant may be situated at the N termini of the antigens. (Support for this statement comes from the fact that an MTrelated product produced from a bacterial expression vector, and lacking 19 of the N-terminal amino acids of the T antigens, was recognized by MT-specific monoclonal antibodies but not by ctPy C4; Y. Ito, personal communication.) Using [35S]methionine-labelled products, sPy C21 to 24 could be shown to recognize all the available T antigens in polyoma virus-infected cells. Competition experiments suggested that ~Py C21 might differ in its determinant from other members of this series, however. The other group of antibodies (exemplified by sPy C25 and 26) recognized only subsets of LT and MT, and undetectable amounts of ST.
The anomalous immunoprecipitation of ST ctPy C25 and 26 is one of the more striking features of the sPy C20 series of mouse monoclonal antibodies. All the T antigens are predicted to have identical N-terminal amino acid sequences (Hunter et aL, 1978; Smart & Ito, 1978; Soeda et al., 1980) , and since some LT and MT antigens are precipitated by c~Py C25 and 26, the determinant recognized by these antibodies must lie within the common region. The latter antibodies also failed to recognize a virus-induced phosphoprotein labelled in vivo, presumed to be ST antigen (Segawa & Ito, 1982) . The data therefore suggest that the determinant recognized in ST is not wholly dependent upon primary structure. Similar findings have been reported with an antiserum raised against a synthetic oligopeptide that corresponds to the structurally identical N termini of SV40 large and small T antigens; this precipitates only the larger antigen, suggesting that in SV40 "identical' N termini also have different conformations (Walter et al., 1980) . More recently it has been shown that antibodies that fail to recognize ST can even be isolated in experiments in which bacterially produced ST was the immunogen used (Pallas et al., 1986) .
None of these mouse 'common region' monoclonal antibodies immunoprecipitated a 60K species previously recognized to be present in both lytically infected and transformed cells. Although no function has been assigned to this protein, tryptic 'fingerprint' analysis has shown a relationship to the 55K MT, and a structure has been suggested for it (Dilworth & Griffin, 1983) . Further, none of the mouse sPy C series of antibodies immunoprecipitated the form of middle T antigen active in the protein kinase assay in vitro, an observation consistent with findings of Pallas et al. (1986) and those using common region rat antibodies (Dilworth, 1982) . In the latter case, since the two antibodies studied had similar (or identical) determinants, it could not be excluded that they were not binding to a site in the MT antigen responsible for the observed activity. The present study using different antibodies appears to diminish the likelihood of this as the true explanation and supports the notion that the species immunoprecipitated in this assay, in a complex with pp60 ..... (Courtneidge & Smith, 1983 , is an immunologically distinct and very minor population of MT. Further, it suggests the importance of the N terminus of the protein in this reaction, as do studies using deletions in this region of MT (Templeton & Eckhart, t 984) . Finally, none of the antibodies immunoprecipitated proteins from SV40-infected cells or from uninfected mouse cells.
Since the mouse antibodies, with the possible exception (to a slight extent) of c~Py C21 failed to recognize fully denatured T antigen polypeptides, as assayed by Western blot or immunoprecipitation procedures, the immunological variability observed among the antigens can be assumed to be characteristic of their behaviour in vivo. This could be related to the different functions and subcellular localizations (Dilworth et al., 1986 ) exhibited by polyoma virus T antigens and suggests that the conserved N termini could be of considerable importance functionally. It may be relevant that although sequence analyses of three strains of polyoma virus (two large plaque, A2 and A3, and one small plaque; Soeda et al., 1980; Deininger et al., 1980; Rothwell & Folk, 1983, respectively) show all three of them to have amino acid differences in unique regions of their LT and MT antigens, and VPI, any nucleotide differences in the 'common regions' exist as silent mutations (Rothwell & Folk, 1983) . Such sequence conservation is suggestive of an essential role for the common region during the viral life cycle. Further, the N-terminal sequences appear to be crucial to the process of virus-mediated transformation since mutant 'early region' constructions which encode polypeptides lacking the first 29 amino acids of all three T antigens (C. Basilico, personal communication) as well as gene constructions specific for middle T antigen but lacking either 70 or 106 amino acids of the N-terminal region (Templeton & Eckhart, 1984) are both non-transforming. The availability of mouse antibodies that recognize specific subsets of the T antigens should provide a means of distinguishing between the numerous functions assigned to the polyoma virus early functions.
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